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Summary
Objective: This article addresses the subchondral bone integrity in cartilage resurfacing by comparing fresh, untreated auto-, xeno-, and
photooxidized osteochondral allo- and xenografts. Photooxidation was expected to improve mechanical stability of the osteochondral grafts
through an improved linkage of the collagen fibers within the bone matrix.
Design: Untreated auto- and xenografts and with photooxidation pretreated allo- and xenografts were surgically implanted in femoral
condyles of sheep (n40). After 2, 6, 12 and 18 months results were evaluated histologically using non-decalcified bone embedded in acrylic
resin. Qualitative evaluation was performed with emphasis on bone matrix, biomechanical stability of graft anchorage, formation of cystic
lesions, and bone resorption and formation. Quantitative evaluation of the total subchondral bone area was conducted histomorphometri-
cally. Statistical analysis (factorial ANOVA test) was used to compare differences between groups with respect to the percentage of bone
matrix and fibrous tissue per section.
Results: Subchondral bone resorption was fastest in untreated, fresh autografts, followed by photooxidized allografts, untreated, fresh
xenografts and last pretreated photooxidized xenografts. Cystic lesions were seen in all types of grafts, but were most pronounced at 6
months in autografts and least in photooxidized grafts. Cyst-like lesions had subsided substantially in the untreated auto- and photooxidized
xenografts, if no graft dislocation occurred during the healing period. Mononuclear cell infiltration and an increase in the presence of
multinuclear cells were observed at 2 months, mostly in untreated autografts, followed by photooxidized allo- and untreated xenografts. They
were much higher in numbers compared to photooxidized grafts, at least in the early specimens at 2 months. Graft stability was linked to the
rate of bone resorption.
Conclusion: Substantial resorption of the subchondral bone, involving the development of cyst-like lesions, lead to dislocation and finally to
cartilage matrix degradation of the grafts. The process of photooxidation decreased the speed of bone resorption in osteochondral grafts
and, thus, improved graft stability and cartilage survival. These results suggest that the remodeling of the subchondral bone of the host and
the graft within the first 6 months is an important factor in graft stability and overall results of cartilage resurfacing.
© 2003 Published by Elsevier Science Ltd on behalf of OsteoArthritis Research Society International.
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Introduction
The management of chronic or acute damage to articular
hyaline cartilage continues to be a clinical problem in
orthopedic surgery. Damage caused by inflammatory dis-
eases, such as rheumatoid arthritis, can be partially con-
trolled by therapies aimed at the inflammatory process.
Focal damage and the subsequent articular matrix degra-
dation, resulting from trauma or disease (e.g. osteo-
chondritis dissecans, osteoarthritis) may be amenable to
surgical treatment. Various approaches to fill an articular
cartilage defect have been used experimentally and clini-
cally1. The most common approaches are based on the
potential for repair exhibited by the underlying subchondral
bone tissue2,3, periosteal or perichondral grafts4–6, mesen-
chymal stem cells7 or chondrocytes8–13 loaded in different
carrier systems, application of growth factors14–17,
biomaterials18–20, articular cartilage transplantations21 and
osteochondral grafting procedures22–27. Of these, the use
of osteochondral grafts has gained the most clinical
acceptance22,28–30, although differences in clinical out-
come have been observed with fresh or pretreated auto-
24,31
, allo-22,32 or xenografts19. Central necrosis appears to
be a problem in osteochondral grafting procedures33,34.
This was attributed to poor nutrition of the grafts13,33,35
and also to mechanical instability of the subchondral
bone34. Instability of the graft may be caused by improper
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surgical technique36 and/or resorption of the subchondral
bone31,37.
The surgical ‘gold standard’ for bone replacement and/or
augmentation is provided by the use of fresh autografts.
Dog lekocyte antigen (DLA) mismatched bone allografts
take longer to be remodeled when compared to matched
allografts or autografts33,38–40. Fresh and frozen allografts
elicit a systemic antibody response33. An immunological
response of the host tissue, attributed mainly to bone
marrow cells, is held responsible for this difference33,34,38.
In any case, pretreatment of allografts through either
freezing, cryopreservation or fixation in glutaraldehyde is
expected to decrease immunogenic responses through
alterations of transplantation antigens33.
Photooxidation is a dye-mediated process, whereby
grafts are immersed in a 0.01% solution of methylene blue
in buffered saline for 12 h to allow dye penetration, while
continuously stirring with exposure to light (light source,
intensity, temperature and exposure time; patent granted
US 5,854,397, US 5,147,514 and US 5,332,475)41,42. A
subsequent lengthy washing procedure removes most of
the original dye although the tissue retains a weak blue
coloration. This procedure has been shown to strengthen
the mechanical properties of the grafted cartilage (D.
Nadler, P. Bittmann, B. von Rechenberg, unpublished
data). It increases collagen crosslinks, which is attributed to
alteration of sulfur-containing and aromatic amino acids of
the collagen fibers of the articular cartilage matrix. It is not
known if increased collagen crosslinking also occurs in the
bony part of the graft. The process of photooxidation is
thought to reduce the antigenicity of tissues other than
cartilage, such as heart valves41,42.
The specific aim of this study was to address the factors
that influenced the success of osteochondral grafts by
studying the effect of mechanical stability of the sub-
chondral bone. It was expected that photooxidation would
increase the resistance of the bone matrix of the graft to
bone resorption and decrease the cellular reaction of
the adjacent host bone. Our hypothesis was that through
the decreased resorption of the bony part of the graft, the
overall mechanical stability of the graft would be enhanced
and as a result the incorporation and remodeling of the
osteochondral graft over time would be facilitated. In addi-
tion, it was expected that less cystic lesions would be
formed over time and the quality of the new graft cartilage
would be superior in comparison to untreated grafts. This
hypothesis was tested by the comparison of photooxidized
allo- and xenografts to untreated auto- and xenogeneic
osteochondral grafts.
Materials and methods
PREPARATION OF THE GRAFTS AND SURGICAL TECHNIQUE
Adult Swiss, female alpine sheep (n40) between 3 and
4 years of age were used as recipients of all grafts.
Shoulder joints of 18-month-old cattle were used for
xenografts, either photooxidized, or untreated, as already
reported43,44. Photooxidized and untreated grafts were
collected fresh from the abattoir and processed within 12 h.
The autografts were harvested during experimental sheep
surgery when grafts were excised from one condyle and
implanted in the contralateral condyle using specially
designed surgical equipment for the press-fit tech-
nique43,45. The photooxidized allografts (sheep) were col-
lected at the abattoir with the same procedure as the
bovine xenografts. Cylindrical grafts of macroscopically
normal articular cartilage were harvested from the weight-
bearing area of the shoulder joints (proximal humerus)
under aseptic conditions for the xeno- and allografts using
special surgical equipment (Draenert, Munich, Germany).
Cartilage was considered normal if no signs of cartilage
degeneration, such as fibrillation or discoloration of the
articular surface, were visible. The size of the grafts was
5.3 mm in diameter and 6 mm in depth for the allo- and
xenografts, whereas the diameter was only 4.4 mm in the
autografts. Grafts were either further processed with photo-
oxidation42,43,45 for later surgical application, or used
immediately in the case of auto- and untreated xenografts.
All grafts were washed in sterile Ringers solution before
surgical implantation. Photooxidized grafts clearly con-
tained no viable chondrocytes (live and dead staining:
LIVE/DEAD® Viability/Cytotoxicity Kit; Molecular Probes
Inc. Jura Supply, Switzerland)45, in comparison to
autografts and untreated xenografts where viable chondro-
cytes were present at the time of implantation. Further-
more, the cartilaginous part of the photooxidized pre-
treated and untreated xenografts was thicker (1–1.5 mm)
compared to the ovine grafts.
All experiments were conducted according to the Swiss
regulations for animal welfare (application Nr. 145/97, 102/
99). Osteochondral grafts were randomly distributed
between the right and left stifle joints of the sheep using
both the medial and the lateral condyle of each joint as a
site for each graft (n80 condyles). Autogeneic grafts were
combined with photooxidized or allogeneic grafts (Table I).
The animals were housed for 10 days prior to surgery.
They were wormed and had their claws inspected to ensure
they were healthy. Prior to and for the first month after
surgery the sheep were confined in small stables in groups
of 2–3, whereas throughout the rest of the study they were
allowed to roam freely in the pasture. Immediately before
surgery the sheep were prophylactically injected intra-
muscularly with tetanus antiserum (Tetanus Serum,
Veterinaria AG, Zurich Switzerland), 7 mg/kg gentamicin
(Streuli and Co AG, Switzerland) and 30 000 IU/kg penicil-
lin G (Hoechst AG, Germany). Antibiotic prophylaxis was
continued for 5 days after surgery. A non-steroidal anal-
gesic (Rimadyl® Carpofen, 4 mg/kg i.v., Pfizer Inc., NY,
USA) was administered once a day for 3 days after surgery.
Anesthesia was induced with medetomidine (0.01 mg/kg
i.m., Domitor®, Orion-Farmos, Turku; Finland) and keta-
mine (2 mg/kg Narketan® i.v., Chassot AG, Switzerland).
Inhalation anesthesia was maintained with Isoflurane
(Forene®, Abbott AG, Baar, Switzerland) in 100% oxygen.
The sheep were placed in a lateral supine position with the
operated limb at a 90° angle to the surgery table, result-
ing in maximal flexion of the stifle joint. The limbs were
aseptically prepared for surgery. An S-shaped surgical
incision was made from the proximal lateral side to the
distal medial side of the stifle joint. The subcutaneous
tissue was bluntly dissected and the femoral fascia and
joint capsule were incised medially and laterally, parallel to
the patellar ligament. Care was taken not to sever the
tendon of the long digital extensor muscle inserted at the
lateral femoral condyle. The parapatellar fat pad was
partially removed and both weight-bearing surfaces of the
femoral condyles were exposed using Weidtlaner wound
retractors. The graft sites were prepared using a canulated
drill (Draenert, Munich, Germany) with an integrated
stopping device for accurate depth of 6 mm (Modified,
Centerpulse, Winterthur, Switzerland). A surgical press-fit
technique24 was applied to guarantee a tight fit between
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the graft and the host [Fig. 1(a, b)], using the same surgical
equipment as for the graft harvesting37. Closure of the joint
capsule, fascia and subcutaneous tissue was by means of
a continuous suture, which was resorbable (Vicryl 2/0,
Ethicon, Norderstedt, Germany). The skin was closed with
skin staples (Signet 35 W®, Auto Suture, Connecticut,
USA). Sterile wound gauzes were stapled over the incision,
but otherwise no bandages were applied.
HISTOLOGICAL EXAMINATION OF GRAFTS
The animals were sacrificed 2, 6, 12 and 18 months after
surgery, at which times the stifle joints were collected.
Histology was performed on non-decalcified bone and
cartilage samples as described earlier46–48. Briefly, the
samples were fixed in 4% buffered paraformaldehyde for
2–3 weeks, dehydrated in increasing grades of ethanol,
defatted and cleared with xylene and embedded in acrylic
resin (HistoDur®, Leica, Switzerland, 500 ml Methyl
Methacrylate Base, 30 ml Plasticiser (phthalic acid dibutyl-
ester), and 5×1g Activator). From the polymerized blocks,
200 µm sections were cut using a sawing microtome
(Sawing microtome Leica SP 1600). These sections were
then mounted on acrylic plexiglas slides (Wachendorf,
Perspex GS Acrylicglas Opal 1013), and ground to a
thickness of 30–40 µm with a grinding machine and special
polishing papers (Struers, Merck) including suspension
and lubricants (Diamantsuspension P (3 UM, 1UM Ex),
DP- Lubricant 3UM blau and 1UM red (Struers, Merck)).
Toluidine blue was used for surface staining of the ground
sections. In addition, thin 5 µm sections were cut from the
polymerized blocks (Rotary microtome,RM 2155, Leica
Switzerland), then transferred to negatively charged, chro-
malum coated glass slides and stained with either, toluidine
blue or von Kossa counterstained with McNeal stain. The
latter histochemical procedure stains calcified tissue black
whereas unmineralized osteoid and cells are stained light
blue.
For the evaluation of the subchondral bone area, a
qualitative histological evaluation was made of the thin
sections. A quantitative assessment of bone resorption,
new bone formation and the amount of fibrous tissue was
performed with a macroscope (M 420, Leica, Switzerland)
attached to a digital camera (DC 200, Leica, Switzerland),
to enable micrographs to be captured in TIF- format. The
digitalized pictures of the ground sections were modified
using Adobe Photoshop (Adobe® Photoshop® 5.5, Adobe
Systems incorporated, USA) such, that the cartilage was
altered to a different color to distinguish this clearly from the
subchondral bone for later measurements with specialized
software for histomorphometric analysis (Qwin® Version1,
Quips®, Leica, Switzerland). For all sections, a standard-
ized measurement was performed, where the subchondral
bone area directly beneath the articular cartilage and the
immediate adjacent host bone was included. Mean values
for the percentage areas of the bone matrix, fibrous tissue
and the cystic lesions were calculated for all sections. Two
histologic sections were measured twice for each photo-
oxidized graft, while for auto- and untreated xeno-
grafts three different sections per graft were measured
twice due to lower numbers of animals in the two latter
groups.
The macroscopic and microscopic appearance of the
articular cartilage surface in photooxidized cartilage trans-
plants including its evaluation has been described previ-
ously44,45. Briefly, a scoring system was developed to
assess the surface repair of the articular cartilage and
macroscopic and microscopic signs of cartilage degenera-
tion. There, the contour, continuity, thickness, coloration,
borders, proliferation and regularity of the cartilage was
judged as well as the contour, continuity, thickness and
staining properties and remodeling activity of the mineral-
ized cartilage. In addition, the density, regularity, new bone
formation and resorption of the subchondral bone area was
scored. Scores ranged from 0 to 2, with 0 indicating the
lowest and 2 the best results.
Statistical analysis of the percentage of bone matrix and
fibrous tissue per section was performed using a factorial
analysis of variance (ANOVA test), where differences
between groups (auto-, untreated xenografts and photo-
oxidized allo- and xenografts) were calculated. The
Posthoc test according to Fisher’s protected least
Table I
Distribution of osteochondral grafts (n79) in 40 experimental sheep at 2, 6, 12 and 18 months after surgery
Grafts Number of sheep Medial condyle Lateral condyle Time period
Photooxidized and autografts 14 7 photooxidized 7 photooxidized 2 months: n=8 (-1 s)
7 autografts 7 autografts 6 months: n=2
12 months: n=2
18 months: n=2
Auto- and allografts 4 2 autografts 2 autografts 2 months: n=4
2 allografts 2 allografts
Auto- and xenografts 4 2 autografts 2 autografts 2 months: n=4
2 xenografts 2 xenografts
Photooxidized grafts 12 12 photooxidized 11 photooxidized 2 months: n=0
6 months: n=4
12 months: n=4
18 months: n=4 (-1c)
Xenografts 6 6 xenografts 6 xenografts 2 months: n=1
6 months: n=1
12 months: n=2
14 months: n=1 (-1s)
18 months: n=1
Grafts were evenly distributed between the medial and lateral condyle of the right and left stifle joints. In the 2 months group, one sheep
(-1s), and in the 18 months group one sheep (-1s) was removed due to complications. In the group with photooxidized grafts, 1 condyle (-1c)
could not be evaluated due to histology problems.
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significant difference (PLSD) allowed assessment of the
significance for individual differences.
Results
SURGERY, POST SURGICAL CARE AND MACROSCOPIC
OBSERVATIONS
Surgery was successful in all animals except in one
sheep of the group with the photooxidized xenografts
where the insertion of the long digital extensor muscle
tendon was severed. This animal was removed from the
study, since this instability may have negatively influenced
the results. The press-fit technique proved to be adequate
for this kind of surgery. The preparation of the host bed in
subchondral bone was good in all animals such that the
untreated auto- and xenografts as well as the photo-
oxidized xeno- and allografts fitted well and snugly into the
host bed in all instances. The grafts were inserted ‘flush’,
resp. congruent to the joint surface. Due to the thicker
cartilaginous part of the bovine untreated and photo-
oxidized xenografts, in comparison to the host cartilage in
sheep, the subchondral bone was arranged to sit lower in
these bovine grafts (Fig. 2).
Mild clinical lameness was observed immediately after
surgery but was undetectable after 10 days. A slight joint
effusion was detected in six animals and this resolved
within 2 weeks without treatment. One animal of the
18 month group of untreated bovine xenografts died due
to a clostridial infection at 14.5 months after surgery.
Although, this did not influence the outcome of the graft,
this animal was also excluded from the final quantitative
evaluation.
QUALITATIVE HISTOLOGICAL ASSESSMENT OF SUBCHONDRAL
BONE
All grafts were evaluated except one photooxidized graft
of the 18 month group. In this case, difficulties with poly-
merization of the block were encountered, such that
Fig. 1. Application of the photooxidized osteochondral xenograft (blue stain) at the weight-bearing area of the medial condyle in a sheep (A).
The surgical press-fit technique guarantees a tight fit between host and graft cartilage. The cylindrical plug is not completely inserted yet. The
modified surgical instruments are depicted in (B) with the special drill bit with a stop (d ), the drill guide with a punch for incising the cartilage
down to the subchondral bone before drilling (p), the vacuum plug applicator (v), and the vacuum plug applicator drill guide, where the plug
can be inserted in the cartilage defect with guidance and without being damaged (vg).
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sectioning was not possible (final numbers of condyles
evaluated: n75).
Osseous integration
Resorption and intensive remodeling of the osseous part
of the graft were observed in all osteochondral grafts,
irrespective of whether they were untreated auto- and
xenografts, or photofixed allo- and xenografts. Although
bone resorption and remodeling occurred in all grafts, they
differed significantly according to type, in the speed and
degree of bone resorption at the various time periods. The
rate of subchondral bone resorption and remodeling was
fastest in autografts, followed by photooxidized allografts,
untreated xenografts and lastly the photooxidized xeno-
grafts. The quicker the bone resorption took place, the
more likely the subchondral bone area was replaced with
fibrous tissue and cyst-like lesions developed in the
subchondral bone area at the bases of the grafts. Usually
these lesions seemed to originate from the base of the
cartilaginous component at the interface between the graft
and the host (Fig. 3). Cyst-like lesions developed in all
types of grafts, although their size and time of appearance
varied between grafts. In most instances, these lesions
were smallest in the photooxidized xenografts. Apart from
the rate of bone resorption, the cyst-like lesion develop-
ment was also dependent on the tight junction of the
calcified cartilage layer between the graft and the host
(Fig. 4). If the structures were still at the same level at the
time of sacrifice, the less likely the cyst-like lesions
occurred, at least in the photooxidized xenografts. This
became clear when the grafts were slightly tilted leaving
one side of the graft at the same level, whereas the other
side was slightly dislodged. Cyst-like lesions always devel-
oped at the side of dislocation in these cases. Independent
of graft type, these lesions were largest at 6 months after
surgery. If the stability of the graft was maintained despite
these lesions, the subchondral bone area was almost
completely remodeled and histologically indistinguishable
from the adjacent bone at 12 months after surgery. This
was true for the photooxidized xeno- and allografts as well
as the autografts. Although, in untreated xenografts, fibrous
tissue in region of the subchondral bone persisted through-
out the study (Fig. 5). If the cyst-like lesions were associ-
ated with graft dislocation, such as collapse into the original
defect, the extension of the cyst-like lesions into the adja-
cent host bone was frequently noted (Fig. 6). This was true
for all type of grafts. In the cases of stable osteochondral
grafts, endochondral ossification at the base of the original
cartilage matrix could be already observed after 2 and/or
6 months (Fig. 7).
Comparing the responses of the host tissue to photo-
oxidized xenografts and untreated auto-, allo- and xeno-
grafts, some interesting observations in the subchondral
bone area were made (Fig. 8). As indicated by mono-
nuclear and fibroblastic cell infiltration, the photooxidized
grafts showed the least host response in the bony compart-
ment of the graft and also within the adjacent host bone.
The formation of fibrous tissue, including mononuclear
cell infiltration, was much more prominent with autografts,
photooxidized allografts and untreated xenografts. The
Fig. 2. Histology of undecalcified photooxidized xenograft embed-
ded in acrylic resin (toluidine blue) at 2 months. Note the thicker
cartilaginous part of the graft (g), and that the tide line and
subchondral bone is situated lower (arrow) compared to the
host (h).
Fig. 3. Development of cyst-like lesion at the interface between the
photooxidized xenograft (g) and the host (h) at 2 months. Note that
the graft is slightly tilted resulting that the tide line and calcified
cartilage zone (arrows) of the host and the graft not at the same
level (ground section of undecalcified bone sample, HistoDur®,
toluidine blue).
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least amount of mononuclear, plasma and giant cells
resembling foreign body cells or osteoclasts were present
within the photooxidized xenografts including the area of
the adjacent host bone. The tissue immediately adjacent to
the bone of photooxidized xenografts resembled more
normal mesenchymal tissue. Overall the tissue was less
dense, appeared to be well organized, and the cells
exhibited growth into the old matrix structure and showed
proliferation within the old Haversian canals. Cells at the
surface of the graft matrix resembled normal progenitor
cells of the osteoblastic lineage and later osteoblasts. In
some cases, an area of endochondral ossification was
found at the base of the photooxidized xenografts at
6 months. Instead of extensive resorption of the bony part
Fig. 4. Tight junction between photooxidized xenograft and host at
6 months. Note that the grafts and the tide lines are at the same
level (white arrow) and that the tide line, the calcified cartilage and
the subchondral bone (black arrows) has already been partially
remodeled (ground section of undecalcified bone sample, Histo-
Dur®, toluidine blue).
Fig. 5. Untreated xenograft (xg) at 2 months. The subchondral bone was almost completely resorbed and replaced with fibrous tissue (f ).
The graft has collapsed into the original defect. Bone remodeling is visible at the adjacent host bone (h). Despite the dislocation of the graft,
the cartilage matrix of the graft still shows some metachromatic staining indicating proteoglycan content (ground section of undecalcified
bone sample, HistoDur®, toluidine blue).
Fig. 6. Extension of cyst-like lesion into adjacent host bone (ab)
with a photooxidized xenograft (g) at 2 months. Note that the graft
has dislocated at the interface between host and graft at the level
of the tide line calcified cartilage (ground section of undecalcified
bone sample, HistoDur®, toluidine blue).
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of the graft and the replacement with fibrous tissue, the
subchondral bone was gradually replaced by new bone.
QUANTITATIVE HISTOLOGICAL ASSESSMENT OF SUBCHONDRAL
BONE AREA
Repeated measurements of the same histological
sections confirmed the accuracy of the data obtained with
the standardized measurements. In general, the results
obtained with quantitative, histomorphometrical measure-
ments confirmed the qualitative impression described
above (Table II). No significant differences (P>0.05) were
demonstrated if overall new bone matrix or fibrous tissue
formation was considered alone. If time periods (2, 6, 12
and 18 months) were considered, significant differences
were found for bone matrix (P<0.03) and fibrous tissue
(P<0.02) formation [Fig. 9(a, b)]. Significant differences
were seen in the 6 months group where the least amount of
bone matrix was found with 34.47% compared to 44.03%
in the 2 months (P0.0001), 48.54% in the 12 months
(P<0.0001) and 44.55% in the 18 months (P0.002) group.
This was also true for fibrous tissue formation, where
significant differences were demonstrated between 45.7%
fibrous tissue formation in the 6 months group compared
to 38.15% in the 2 months (P0.0001), 36.4% in the
12 months (P0.0002) and 37.45% in the 18 months
(P0.002) group. No significant differences were found
between the other time intervals.
CARTILAGINOUS CHANGES
The qualitative and quantitative evaluation of the graft
and host cartilage surface has been reported previ-
ously44,45. In summary (Table III), the photooxidized xeno-
grafts showed the best histological results on the long term,
such that no signs of extracellular matrix degradation were
apparent after 18 months and viable chondrocytes were
present, whereas the extracellular matrix of the autografts
was completely degenerated and contained no viable
chondrocytes [Fig. 10(a)]. At 2 months, the cartilage of the
photooxidized grafts showed less metachromatic staining
with toluidine blue compared to the adjacent host cartilage
and compared to the auto- or pretreated allografts. This
was even true for the untreated xenografts. However, this
picture changed over time. While the autografts continu-
ously lost their metachromatic staining, the untreated xeno-
grafts kept its staining properties throughout the study
period, despite that they may have collapsed into the
original defect. In contrast, the photooxidized xenografts
improved their staining properties over time. At 6 months,
repopulation with cells from the subchondral bone area was
noticed which apparently actively synthesized new carti-
lage matrix within the grafts indicated by more intensive
staining of the extracellular matrix. At 12 and 18 months,
matrix staining was very intense while at the same time the
entire matrix was repopulated with living cells. The new
cartilage demonstrated all properties of hyaline cartilage
[Fig. 10(b)]. In addition, a junction between the host and
graft cartilage was only present in the photooxidized
grafts where chondrocyte proliferation was still visible at
18 months after implantation.
Discussion
This study demonstrated that, independent of the type of
osteochondral grafts, the subchondral bone of the grafts is
remodeled within the first 12 months of surgery. Fibrous
tissue including the formation of cyst-like lesions is most
prominent at 6 months after implantation and disappears
progressively thereafter if the collapse of the grafts into the
original defects can be prevented. Therefore, the study
confirmed that the subchondral bone is critical for the
mechanical stability of the grafts and thus plays an essen-
tial role in determining the outcome of cartilage resurfacing
with osteochondral grafting techniques.
The experimental animal model used for assessing the
performance of the subchondral bone in osteochondral
Fig. 7. Endochondral ossification (white arrow) at the base of the graft (g) and host (h) cartilage matrix in case of a stable photooxidized
xenograft at 6 months. Note the infiltration of the old cartilage matrix with cells from the subchondral bone (black arrow). The calcified
cartilage zone and the tide line are undergoing intensive remodeling (arrowhead) (ground section of undecalcified bone sample, HistoDur®,
toluidine blue).
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grafts proved to be suitable. The sheep tolerated the
surgery well and the weight-bearing area of the stifle joint
proved to be excellent for the implantation of the grafts.
Apart from the photooxidized xenografts, statistically
significant numbers of animals were only present for the
2 months group for auto-, untreated xeno- and photo-
oxidized allografts. However, since the acceptance of
photooxidized xenografts over time was of greatest interest
in this study and the performance of all other grafts was
rather poor even at 2 months, the low numbers in the
control groups appeared justified for later time points. They
served as qualitative, internal controls and thus, the low
numbers of animals were chosen for ethical reasons in
relation with animal welfare.
Fresh, frozen, cryopreserved or glutaraldehyde-fixed
auto-, allo- and xenografts have been used as osteochon-
dral grafts in clinical studies in both, humans22,49 and
animals, such as rabbits32, sheep24, goats19, baboons38
and horses26,31. Osteochondral graft survival has been
followed up for 29 months22,49,50 and 9 years29 in clinically
characterized studies, and 2, 3, 6 and 12 months in more
thorough research investigations19,20,27,32,51. In clinical
studies there are obvious limitations in characterizing suc-
cess rates. Only functional, arthroscopic, diagnostic imag-
ing and at best biopsy evaluation of the grafts can be
performed13,29,49,52. This may be the reason why in clinical
applications the development of cyst-like lesions in the
subchondral bone area is not usually addressed. In some
experimental studies, necrosis of grafts was observed if
they exceeded 5 mm in diameter34. Other studies with
osteochondral grafts described in the literature typically
underwent remodeling of the subchondral graft area.
Reaction of the host bone area was common26,31. Apart
from articular cartilage degeneration, lysis of the bony part
of the graft was sometimes coupled with sclerosis of the
adjacent bone matrix, observed radiographically26,29,31,38.
Cyst-like lesions were apparent in the subchondral part of
the bone 6 months after implantation34,37,38. However, the
focus of these earlier studies was always on the perform-
ance of the resurfaced cartilage and the role of the
subchondral bone was never thoroughly investigated. The
results of the present study confirm the development of
cyst-like lesions as reported in these earlier findings with
auto- and pretreated allografts, while they demonstrated at
Fig. 8. Host tissue response to osteochondral grafts at 2 months. Bone resorption of the graft bone (gb), osteoclast activity (white arrows)
and fibrous tissue (fg) is most prominent in autografts (A), followed by photooxidized allografts (B) and untreated xenografts (C).
Mesenchymal-like tissue (mc) and normally appearing osteogenic progenitor cells (ob) were found with photooxidized xenografts (D) in the
subchondral area of graft and adjacent host bone with minimal signs of increased bone resorption. Mononuclear cell infiltration (black arrows)
was visible in photooxidized allo- (B), untreated xeno- (C), less in fresh autografts (A), but not in photooxidized xenografts (D) (5 µm section
of undecalcified bone sample, HistoDur®, von Kossa/McNeal).
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Table II
Mean values in percentage for bone matrix and fibrous tissue of the total area measured
Type of graft Mean values for bone matrix (in % of total area) Mean values for fibrous tissue (in % of total area)
Autografts
2 months 44.58±6.88 38.17±6.11
6 months 42.68±14.07 42.96±12.11
12 months 41.96±3.06 43.98±4.7
18 months 48.11±20.75 34.98±16.98
Photooxidized allografts
2 months 48.29±7.24 36.41±5.33
Untreated xenografts
2 months 39.7±2.44 42.35±3.44
6 months 24.2±15.69 53.30±12.74
12 months 46.69±6.8 38.61±10.39
18 months 52.62±10.72 30.63±9.32
Photooxidized xenografts
2 months 42.68±7.36 37.31±3.71
6 months 36.70±8.41 43.44±7.58
12 months 50.59±5.22 33.99±5.79
18 months 40.61±16.95 40.75±10.8
Fig. 9. Histomorphometric measurements: significant differences for time were demonstrated regarding bone matrix (A) and fibrous tissue
(B) formation mainly at 6 months. Notice high standard deviation of autografts.
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the same time that the process of photooxidation slowed
down the speed of resorption, or even prevented necrosis
of the osseous component of the grafts.
Osteoclastic resorption of subchondral bone has been
reported together with resorption of the calcified cartilage
layer26,31,53. Histologically, the bone marrow spaces in
fresh autografts were filled with small amounts of fat,
vessels and stromal tissue, whereas in fresh allografts the
marrow spaces were larger and besides active osteoblasts,
osteoclasts and blood vessels were filled with less organ-
ized, less mature and more reactive connective tissue. The
quality of fibrous tissue that followed bone resorption can
differ significantly between various types of grafts26. These
findings were also made in the present study. In autografts,
untreated xeno-, as well as photofixed allografts, the tissue
reaction was similar, as described in the studies of Hurtig26.
The tissue had an immature, disorganized structure con-
taining cells resembling giant cells accompanied by a
heavy infiltration with mononuclear and plasma cells. In the
photooxidized xenografts the tissue reaction was signifi-
cantly less. Since reduction of immunogenic properties
and, thus, reduced tissue response was held respon-
sible for these findings in photooxidized heart valves, it is
safe to assume that this is the case for photooxidized
osteochondral grafts.
The extent of fibrous tissue formation differed consider-
ably between the various types of grafts and seemed
dependent on the speed of bone resorption on one hand,
and graft dislocation on the other hand. If cyst development
occurred at the host graft interface, bone resorption in-
volved the bony part of the grafts and extended into the
adjacent matrix. Graft survival in horses and sheep seemed
to be dependent on mechanically and structurally sound
subchondral bone during the process of graft incorpora-
tion31,53. The speed of bone resorption appeared different
according to the type of graft. In this study anchorage within
the subchondral bone was important in all types of grafts
that were examined. In all instances a surgical press-fit
technique was applied using specially designed instru-
ments and equipment according to the nature of the graft.
Loss of the grafts into the joint space was never a problem.
However, depending on the speed of the bone resorption of
the graft, excessive fibrous tissue formation may have been
the result of graft instability. Micromotion of the cylindrical
grafts may have caused the formation of excessive fibrous
tissue as this would be expected in a non-union in fracture
healing.
An issue that has never been addressed in the literature
is, whether it may be desirable to have the bony part of the
osteochondral grafts resorbed and remodeled as fast as
possible as may be expected in autogeneic bone grafts. In
this study dealing with osteochondral grafts, the higher
speed of subchondral bone resorption of the graft seemed
mostly responsible for the replacement with fibrous tissue,
and subsequent cyst formation, finally leading to collapse
of the graft. Results with the photooxidized transplants in
our experiments provide evidence that, in case of osteo-
chondral grafts, the inhibition of bone resorption due to
alteration of immunogenic responses may be beneficial for
graft survival. These findings correspond to earlier studies
where DLA-mismatched bone grafts were resorbed slower
in comparison to matched grafts39. The findings regarding
the survival of the cartilaginous part of the grafts actually
supports and emphasizes the importance of the sub-
chondral bone if osteochondral grafting procedures are
deemed to be successful. Whenever the subchondral bone
area was quickly resorbed and replaced with fibrous tissue
initially (between 2 and 6 months), viability of the cartilage
was a problem at 12 and 18 months, even though the
subchondral bone area may have been completely
remodeled at that time. It seems that the initial response of
the adjacent host bone including the subchondral bone
area of the graft is the determining factor for later cartilage
viability.
Table III
Mean scores for cartilage assessment performed for the 2, 6, 12 and 18 months group
Type of graft Graft cartilage Interface graft/host Host cartilage Total score
Autografts
2 months 4.56 0.07 5.31 9.94
6 months 5.25 1 6.5 13
12 months 5.75 2 7 15
18 months 7.75 0.5 8 16
Photooxidized allografts
2 months 5.25 0 5.75 11
Untreated xenografts
2 months 5.25 0 4.5 9.75
6 months 2.6 0.25 6.5 9
12 months 6.4 0.75 6.75 14
18 months 6.4 0.25 6.25 13
Photooxidized xenografts
2 months 7.5 0 7.5 15
6 months 4.25 0.8 6.3 11
12 months 7.45 3.1 7.5 18
18 months 7.6 2.9 7.3 18
Scores were given by two independent observers and means were calculated.
Scores—Graft cartilage: graft position (maximum score 4); cartilage staining (maximum score 3); cell morphology (maximum score 2);
integrity of tide mark (maximum score 2). Maximal total score: 11. Interface: bonded (score 4); partially bonded (score 2); not bonded (score
0). Maximal total score: 4. Host cartilage: cleft formation (maximum score 3); matrix staining (maximum score 3); cell morphology (maximum
score 2); integrity of tide mark (maximum score 2). Maximal total score: 10.
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Conclusions
In conclusion we postulate that for osteochondral grafting
to be successful a stable host bed should be provided
in order to minimize micromotion. Mechanical instability
appears to promote fibrous tissue formation. Furthermore,
excessive or immediate bone resorption of the bony part of
the osteochondral graft should be prevented, to avoid
premature collapse of the graft into the original defect.
Pretreatment of the graft, including use of the delayed
immunogenic reactions of xenografts, may be used to the
advantage of the survival of the graft.
For future studies with osteochondral grafts the fate of
the cartilaginous part of the graft should be investigated.
Although, it seems to be generally accepted that the bony
component of the graft will eventually be completely
remodeled and replaced by ‘creeping substitution’33,54,55, it
is unknown whether this also applies to the cartilaginous
part of the graft. However, in this study the latter resisted
resorption much longer in comparison to the bony part. This
was also noted in a study where osteochondral fragments
were experimentally implanted in the middle of the carpal
joint in horses56. Unless graft function and regulation,
including the influence of surgical factors to graft repair can
be elucidated, it seems unlikely that substantial progress
with osteochondral grafting procedures will be made in the
near future. At the present time effective healing of articular
cartilage does not appear to be possible51. In view of the
extraordinary capacity of the progenitor cells to proliferate
and form bone51,57, there may be the potential for cartilage
resurfacing if an improved understanding can be gained of
the repair mechanism of cartilage healing.
Fig. 10. Auto- and photooxidized xenografts at 18 months (A): while the autografts contained no viable chondrocytes (ch), they were present
in the photooxidized xenografts. Cells (white arrow head) from the subchondral bone area (sc) penetrating the calcified cartilage (cc) are
visible in both types of grafts. (5 µm section of undecalcified bone sample, HistoDur®, von Kossa/McNeal). Metachromatic staining of the
graft cartilage in the photooxidized xenograft (g) was similar to the host (h) at 18 months (B). The interface (if ) between graft and host is
united on both sides of the graft, although at the left side the calcified cartilage zone including the tide line is still under remodeling (arrow)
(ground section of undecalcified bone sample, HistoDur®, toluidine blue).
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